Context: For patients on T 4 replacement, the dose is guided by serum TSH concentrations, but some patients request higher doses due to adverse symptoms.
T
hyroid dysfunction is one of the most common chronic diseases, with the prevalence of primary hypothyroidism exhibiting a wide geographical variation but with up to 4% of the population affected in some areas (1) (2) (3) . The prevalence of thyroid disease is increasing by 6% per annum in Tayside, Scotland (2) , and T 4 was the sixth most commonly prescribed medicine across Scotland in 2007-2008 (4) . Despite this, controversy still remains on the optimal T 4 replacement. The most widely accepted current practice for treating patients with an underactive thyroid gland is to treat to achieve a biochemical objective of a "normal" TSH concentration (5) (6) (7) (8) . However, a minority of patients seem to prefer being prescribed doses of T 4 that result in a low or suppressed TSH (9, 10) , and in practice many patients taking long-term T 4 do have a low TSH, despite guidelines (11, 12) .
Guidelines are based on studies indicating that individuals with a suppressed TSH have an increased risk of atrial fibrillation (13) (14) (15) , increased mortality (16, 17) , and possibly an increased fracture risk (18, 19) , although this remains controversial (20) . Other studies show an increased risk in subclinical hypothyroidism (21, 22) . However, many of these studies have potential confounders, not the least of which is that many included patients with endogenous subclinical disease who were not on T 4 replacement.
In Tayside, Scotland, the Community Health Number (CHNo) has been used since 1979 as the patient identifier for all health care activities, with CHNo being assigned to every person registered with a family doctor. The multiple sources of electronic patient-specific data such as Scottish Morbidity Records (SMR) allow records to be assimilated through CHNo to create a highly detailed clinical record for each of the 400,000 residents of Tayside. Detailed information on all dispensed prescriptions for all Tayside residents is another data source, which has been active since 1993 (23) . These resources have previously been combined in the creation of the Thyroid Epidemiology Audit and Research Study (TEARS) (1) and other population-based datasets.
This population-based study was designed to test the hypothesis that TSH concentration was associated with cardiovascular disease, dysrhythmias, and fractures in patients receiving long-term replacement T 4 therapy as well as which concentrations of TSH may be safe.
Materials and Methods
This study was conducted using data from the TEARS dataset and the anonymized record linkage methodology developed at the University of Dundee in Tayside, Scotland (1, 23) . The CHNo was used to link patient-level data from this dataset with outcome data from SMR01 records, electronic death certification data, and other data relating to potential confounding variables.
Study population
This study used a dynamic study population that consisted of all patients registered with Tayside general practitioners between January 1, 1993, and December 31, 2001 . The study subjects were all of those in the population who received prescriptions for T 4 in that period. Only subjects over 18 yr of age were included. Patients who had their T 4 stopped during follow-up were excluded from the study.
Data sources

CHNo master patient index
This defined the study population from which subjects were identified, providing data on registered Tayside general practitioners, dates registered with general practitioners, date of birth, and date of death. This was also provided with Carstairs Deprivation Score-a postcode-linked summary measure of relative deprivation based on the 2001 census findings that is commonly used to examine the relationship between deprivation and health in epidemiological studies (24) . The Carstairs index is a z-score derived from data on rates of male unemployment, houses with more than one person per room, households with no cars, and families of UK social classes IV and V. The score is then divided into seven subcategories, with 7 being the most socially deprived.
The TEARS dataset
The TEARS dataset originally covered the period from 1993 to 1997 but was extended to 2001 (1, 25) . It links records from all dispensed prescriptions in Tayside, the regional thyroid follow-up register, the radioactive iodine database, all biochemistry results performed in the region, and SMR01 hospital admission data for all thyroid operations (see SMR01 records). It determined whether patients had primary hypothyroidism or were originally hyperthyroid. We used data from the TEARS dataset to describe disease type; this has been shown to be 98% sensitive in predicting cases of hyperthyroidism and 96% for hypothyroidism (1) . Subjects known to have thyroid cancer or who were receiving T 4 for euthyroid goiter were excluded from the analysis a priori.
SMR01 records
These data are routinely validated and collated by the Information and Services Division of the National Health Service in Scotland and were available for Tayside from January 1, 1980, to December 31, 2001 . These contained diagnostic codes relating to all hospital in-patient episodes of care using the International Classification of Diseases, ninth (ICD-9) or 10th (ICD-10) revision (26, 27) . These data were used to provide details on nonfatal events that resulted in hospital admission.
Death certification data
An electronic database was available from the General Register Office, Scotland. Data used included date of death and underlying cause of death, also coded according to the ICD-9 or ICD-10 revisions. These data were supplied with names and addresses of the deceased, so CHNo were assigned using the validated MEMO methodology and were then record linked.
Diabetes Audit and Research in Tayside, Scotland (DARTS) data
The DARTS dataset (28) includes validated information on all people with type 1 and 2 diabetes in Tayside and provided data on date of diagnosis. This was included because of established associations between diabetes and thyroid dysfunction, diabetes and cardiovascular disease (25) , and diabetes and fracture.
Statistical methods
The primary outcome for this study was fatal or first occurrence of a nonfatal cardiovascular disease (ICD9 codes 390 -429; and ICD10 codes I00 -I52). Other endpoints considered were dysrhythmias (ICD9 427; and ICD10 I47-I49)-a subgroup of cardiovascular disease-and osteoporotic fracture (ICD9 733.1, 805.4, 805.5, 806.4, 806.5, 813, 820, 821; and ICD10 S32, S52, S72, M80). These codes relate to all fractures of lower back, forearm, hip, and "other" specifically coded osteoporotic fractures. We cannot be sure that they were necessarily low trauma fractures, however, but these fracture sites are classically viewed as sites related to osteoporotic fractures. Survival analysis was used to follow up patients until an event, until they were censored, or until the end of the study. The data were modeled using the Cox proportional-hazards model. The assumption of proportional hazards was assessed by plotting loglog plots for the baseline covariates and by modeling interaction terms-in each case, the proportional hazards were found to be supported. Two-way interaction terms between all covariates were modeled and were included in the final model if they were found to be significant.
Patients were followed up from the first TSH measurement after their third T 4 prescription. This was the definition of requiring ongoing T 4 therapy reflecting stabilized therapy, but also reducing the risk of immortal time bias. Subjects whose TSH was not recorded between their third T 4 script and an event were excluded from the analysis. Some data were missing for socioeconomic status. Because these represented less than 1% of the whole dataset, it was assumed that these were missing completely at random, and a complete case analysis was performed.
TSH control measurement
Patients were categorized into one of four groups according to their mean serum TSH concentration over the study period. A time-weighted mean was calculated that took into account differing lengths of time between tests. This was done in the expectation that there would be clustering of abnormal results because an abnormal result will likely be followed by T 4 dose adjustment and early TSH rechecks. Without time-weighting, the importance of abnormal TSH results would be overemphasized. Using a time-weighted mean that gives a greater weight to those tests when the frequency of testing is low gives a better indication of TSH control over the whole study period, akin to area under the curve. Because TSH values are known to follow a log-normal distribution (29) , this was expressed as a geometric mean (i.e. expressed as the back-transformed mean of the logarithmic values of TSH value). Each patient's time-weighted geometric mean TSH was then classified as follows: "suppressed" (Յ0.03 mU/ liter), "low" (0.04 -0.4 mU/liter), "normal" (0.4 -4.0 mU/liter), and "high" (Ͼ4.0 mU/liter). Because TSH values are known to be affected during episodes of severe acute illness, TSH measurements made while hospitalized for circulatory diseases were excluded (30) . Free T 4 concentrations were not available, and therefore were not included in the analysis.
As an exploratory analysis, we modeled TSH concentration as a fractional polynomial in a Cox model for both the cardiovascular and osteoporotic fracture endpoints. This approach allows for the flexible nonlinear modeling of continuous variables such as TSH concentration (31) . We use the %mpg8 macro in SAS described by Sauerbrei et al. (32) using the closed test procedure (RA2) to achieve a best fit for the fractional polynomial terms. The data were modeled as for the primary analysis, using a log-transformed TSH concentration and the same covariates, but with the TSH categories replaced by log TSH. The resulting functions, describing the association between TSH concentration and outcome, are displayed as plots of the log relative hazard against the TSH concentration expressed. This log relative hazard describes the partial effect of TSH concentration and is scaled by a constant to allow comparison with the "step function" calculated in the primary analysis.
Other confounders
Other covariates adjusted for were sex, etiology of T 4 replacement (i.e. treated hyperthyroidism, primary hypothyroidism), whether the patient had diabetes mellitus, socioeconomic deprivation as measured by the Carstairs index, and history of relevant morbidity. Some covariates could not be accommodated due to lack of data, and this included smoking where reliable data were not available. For the cardiovascular disease outcomes, we considered whether or not the subject had a history of previous circulatory disease (taken from any such admissions on the SMR01 records: ICD-9 codes 390 -459; ICD-10 codes I00 -I99), and for the osteoporotic fracture outcome we considered history of osteoporotic fracture. For the dysrhythmias endpoint we considered history of dysrhythmias and history of other circulatory disease.
Ethical approval
In accordance with standard operating procedure, approval for the study was granted by the Tayside Medical Ethics Committee, permission to access medical records was granted by the Tayside Caldicott Guardians, and all analyses were performed on anonymized datasets (33, 34) .
Results
There were a total of 17,684 T 4 -treated patients with a total follow-up of 78,518 yr after the index serum TSH measurement. The median follow-up was 1,651 d (4.5 yr). Overall, 85.9% of the subjects were female with a mean age of 60.3 yr, whereas 14.1% of the subjects were male with a mean age of 61.8 yr.
In total, there were 2,144 episodes of cardiovascular disease, 367 of dysrhythmias, and 562 osteoporotic fractures. The baseline characteristics of the cohort by TSH category are shown in Table 1 . Of all patients on T 4 , 61.7% had a TSH in the laboratory reference range, 11.2% had a raised TSH, 6.1% had a fully suppressed TSH, and 21.1% had a TSH that was low but not suppressed (between 0.04 and 0.4 mU/liter). At baseline, patients with a raised TSH were more likely to be male, have diabetes, have primary hypothyroid, and have preexisting morbidity, compared with patients with a TSH in the reference range. Patients with a suppressed TSH were more likely to have primary hypothyroidism but were less likely to have diabetes, preexisting cardiovascular disease, or dysrhythmias than patients with a TSH in the reference range. Overall, the median rate of TSH tests per patient was 1.35 per year. Patients in the high TSH category had the highest rate, and those in the suppressed category had the lowest rate (Table 1) . Table 2 shows the number of cardiovascular admissions, dysrhythmia admissions, and osteoporotic fractures with adjusted and unadjusted hazard ratios (HRs). For all endpoints, there was increased risk with increased age. Females were at increased risk of fracture, and males were at increased risk of cardiovascular endpoints and dysrhythmias. Compared with a normal TSH, suppressed serum TSH was associated with a modest increase in cardiovascular morbidity and mortality, whereas high TSH was associated with a near doubling in risk. There was no significant difference between low and normal TSH levels. Lower socioeconomic status, as measured by the Carstair's score, was associated with an increased risk of cardiovascular morbidity and mortality [Carstairs categories 5, 6, and 7 vs. 1 and 2; HR, 1.36; 95% confidence interval (CI), 1.21-1.53], as was the presence of diabetes at baseline (HR, 1.69; 95% CI, 1.48 -1.94). A similar situation existed for dysrhythmia admissions, although the risk associated with a suppressed TSH was nearly as large as with a high TSH concentration. Again, there was no significant difference in outcomes between patients with a low TSH and a TSH in the reference range. Suppressed TSH was associated with a doubling of the risk of osteoporotic fracture, whereas the risk of a high TSH was only marginally less. There was no significant increased risk associated with a low TSH. Figure 1 shows adjusted survival curves derived from the Cox model for each outcome stratified by TSH concentration, which show similar results for long-term follow-up. Figure 2 shows the estimated functional relationship between TSH concentration and outcome. For both cardiovascular disease and osteoporotic fracture, the best fit was a second-degree fractional polynomial (Fig. 2) , with the highest level of risk associated with extremes of TSH concentration (i.e. "suppressed" and "high") and the lowest risk associated with TSH at the lower end of normal.
Discussion
The current study was large and population-based, including all patients in Tayside, Scotland, who were taking thyroid medication and eligible for analysis (n ϭ 17,684). At least 70% of subjects in this cohort had received at least 6 months of treatment before commencement of followup, so that the effect of any previous thyroid condition could be minimized. This is because previous studies have shown an increased death rate after radioiodine therapy for hyperthyroidism, which diminishes with time and is not sustained (35, 36) . We have previously shown that including only patients after they are well established on T 4 eliminates any time dependent effect on cardiovascular and other outcomes (25) . Thus, our results are likely to reflect the long-term effects of T 4 replacement, in the main, rather than any short-term impact of previous thyroid conditions. Our data indicate that patients taking long-term T 4 replacement are at greatest risk of cardiovascular disease if they have a serum TSH greater than 4.0 mU/liter. Such patients were more likely to be male. It is possible that such patients were poorly concordant with their T 4 medication, as reflected by their TSH, and by inference this might imply less concordance with other coprescribed medication such as statins and angiotensin-converting enzyme inhibitors, as well as lifestyle advice, all of which would adversely impact on their risk of cardiovascular events. Raised serum TSH is also associated with raised serum cholesterol (37) , which may be another contributing factor over the long term. Patients with a suppressed TSH also had increased risk of cardiovascular events, but not to the same degree. This may be due to a direct effect of hyperthyroxinemia on cardiac myocytes resulting in dysrhythmias, such as atrial fibrillation, which can cause thromboembolic disease.
Patients with a high TSH and those with a suppressed TSH were both at increased risk of fracture, although on this occasion the risk of a suppressed TSH was greatest. This may be because hyperthyroxinemia associated with a suppressed TSH is more likely to be detrimental to bone health than poor concordance with medications, which was thought to contribute to raised TSH concentrations.
Interestingly, patients with a serum TSH below the reference range, but not suppressed (0.04 -0.4 mU/liter), had no increased risk of cardiovascular disease, dysrhythmias, or fractures. It is unfortunate that we did not have access to serum free T 4 concentrations in these patients to ascertain whether they were above or within the laboratory reference range. However, our data indicate that it may be safe for patients to be on a dose of T 4 that results in a low serum TSH concentration, as long as it is not suppressed   FIG. 1 . A, Adjusted survival curve showing time to cardiovascular admission or death (adjusted for age, sex, history of hyperthyroidism, history of cardiovascular disease, socioeconomic status, diabetic status). There were increased events for patients with a high TSH (P Ͻ 0.0001) and those with a suppressed TSH (P ϭ 0.0001) compared with a normal TSH, but no difference between normal and low TSH (P ϭ 0.084) groups. B, Adjusted survival curve for dysrhythmia-related admission or death. There were increased events for patients with a high TSH (P ϭ 0.0002) and those with a suppressed TSH (P ϭ 0.0146) compared with a normal TSH, but no difference between normal and low TSH (P ϭ 0.34) groups. C, Adjusted survival curve showing time to fracture-related admission or death. There were increased events for patients with a high TSH (P Ͻ 0.0001) and those with a suppressed TSH (P Ͻ 0.0001) compared with a normal TSH, but no difference between normal and low TSH (P ϭ 0.24) groups.
at less than 0.03 mU/liter. Many patients report that they prefer such T 4 doses (9, 10) . Figure 2 indicates that the best outcomes appear to be associated with having a TSH within the lower end of the reference range.
There is a long-standing debate regarding how T 4 replacement should be managed. The reason for this is that there is a lack of clear evidence to guide clinicians. Most guidelines recommend trying to achieve a "normal" TSH (5-8), although some commentators recommend a greater emphasis on clinical symptoms when deciding the correct T 4 dose and will lower the TSH concentration (38) , whereas others adjust L-T 4 replacement to achieve a higher TSH for some patients, e.g. those with dysrhythmias.
There are problems with previous studies relating TSH concentration in patients taking T 4 to clinical endpoints. Some studies included populations entirely with endogenous subclinical thyroid disease and not taking T 4 tablets (14) , whereas others have examined groups containing patients both with endogenous disease and taking T 4 (13, 37) . Other studies have relied on recruiting patients referred to hospital and may reflect a bias in referral pattern (36) . Additionally, most groups have based their outcomes on one or two baseline serum TSH concentrations, although it is known that serum TSH can change with time and changing dose of T 4 replacement.
Our study has a number of strengths. The data are from a large and representative population base of 400,000 subjects with low migration, and as such the findings will have high external validity. The long-term nature of follow-up for patients routinely treated in primary care is also a key strength. The data on which this study is based are well established and are of proven high quality (1, 2, 25) . All patients were taking T 4 , and the study used virtually all TSH measurements, and not just one or two baseline measurements.
The observational nature of the study is a weakness because the findings could be the result of residual confounding by unknown factors. However, our data have been adjusted to account for age, sex, history of previous thyroid condition, history of cardiovascular disease, socioeconomic status, and presence of diabetes. Also, some TSH tests will have been performed at times of acute severe illness. Although we excluded all TSH recordings made on patients while they were in-patients to minimize the impact of sick-euthyroid syndrome, we have not accounted for intercurrent illnesses in outpatients. Summary statistics based on periodic and possibly irregular TSH serum measures to describe TSH control were used over the period of the study. However, given the long-term nature of the mechanisms underlying both cardiovascular disease due to dyslipidemia and fracture due to reduced bone mineral density, the use of such a statistic is an appropriate measure and is likely to be more sensitive than using baseline TSH measurements.
In summary, patients on long-term T 4 with either an increased serum TSH (Ͼ4 mU/liter) or a suppressed TSH (Ͻ0.03 mU/liter) have an increased risk of cardiovascular disease, dysrhythmias, and fractures when compared with patients with a TSH within the laboratory reference range. Patients with a low, but not suppressed, TSH (0.04 -0.4 mU/liter) had no increased risk of these outcomes in this study. Although most current guidelines do not generally recommend this, it may be safe for patients on T 4 to have a low but nonsuppressed TSH concentration. Further work is required to confirm this finding.
